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Abstract
The theory and method of the accelerated lifetime test is discussed, and the failure mechanism of the IGBT module is 
analyzed in detail. The more integrative test data is obtained by expanding the temperature range of the accelerated 
lifetime test. On the basis of considering the current i and the maximal junction temperature maxjT , an improved 
lifetime prediction model is obtained through fitting the data of the test. The improved model is more accurate than 
the existent ones by the analysis and contrast of the test data errors.
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1. Introduction
With the application fields of the electrical energy transformations device expanding incessantly, 
people pay more attention to its lifetime and reliability. As the core component of the device, Insulated 
Gate Bipolar Transistor (IGBT) determines the lifetime of the device immediately. Therefore, the 
investigation on the lifetime prediction of the IGBT module is of great realistic significance for the design 
and application of the device and system. The failure of the IGBT correlating with its dynamic 
characteristics is complicated, dealing with the electrothermic, mechanism and other aspects[1]. The wire, 
bonding and solder are the most vulnerable and the essential parts of IGBT, so the failure is determined 
by their ability enduring thermal stress. With the IGBT turn-on and turn-off, the failure and fatigue effect
appear under thermal stress impulses.
A good many literatures home and aboard investigate the failure mechanism and lifetime prediction of 
IGBT[2-4]. The paper [2] analyzes the failure mechanism comprehensively, whose lifetime prediction 
model is limited in application range and precision. The paper [3] analyzes the bond wire lifting, which 
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needs to be explored farther. The paper [4] paying particular emphasis on aging analyzes the failure 
mechanism. This article analyzes the failure mechanism in detail and comprehensively. The experiment 
platform is built, according to the theory and method of accelerated lifetime test. The more integrated test 
data is obtained through testing. In consideration of the foundation upon the current i and the maximal 
junction temperature maxjT , an improved lifetime prediction model is obtained through fitting the data of 
the test with least square method. The precision of the model is more accurate, and its range of 
application is more extensive. This article is of great significance for the investigation on the failure 
mechanism and lifetime prediction of the IGBT module.
2. Failure Mechanism Analysis
IGBT module is made up of chip, DBC and substrate mainly which are welded with each other by 
solders. Figure 1 shows the structure of IGBT module. The material, thickness, coefficient of thermal, 
thermal conductivity, resistance, thermal capability of each layer are different, Table 1 shows the attribute
of each layer material of IGBT module.
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Fig. 1. Structure of IGBT module
The lifetime of IGBT module is determined by the failure mechanism relating to thermal stress. 
Therefore, the investigation on the failure mechanism of the IGBT module is the base of lifetime 
prediction. Thermal stress occurs when IGBT module works. The adjacent joints, solders and wire 
bondings are continually impacted by thermal stress, which leads to solder failure and lifting of the bond 
wire. This is the main failure mode of IGBT module. The failure mechanism of IGBT module is 
investigated in detail as following.
2.1. Solder failure
As shown in figure 1, solder is the essential part of joining the chip, copper and substrate. Its reliability 
determines the lifetime of IGBT module immediately. The paper [5] figures out that the structure of the 
solder is one of the important factors which determine the reliability of IGBT. Other factors such as 
mechanism stress of material, varying over time can increase the thermal stress, and then accelerate the 
cracking of the solder. The paper [6] figures out that the delamination, hole and crack of the solder can 
increase the resistance of IGBT chip, and raise the junction temperature, and then accelerate the lifting of 
bond wire and the solder failure. So the reliability of solder can be improved by the materials of similar 
expansion coefficients and attributes.
Tabel 1 notation: Ly row denotes the name of each layer. Layer 1 is IGBT chip, Layer 2 is the solder 
between chip and the copper above DBC, Layer 4 is the DBC, Layer 5 is the copper below DBC, Layer 6 
is the solder between chip and the copper below DBC, Layer 7 is the substrate. M row denotes the
material of each layer. Tk row denotes the thickness of each layer, its unit is μm. CET row denotes the 
coefficient of thermal expansion of each layer, its unit is 10-6K. Tcd row denotes the thermal 
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conductivity of each layer, its unit is W/mK. R row denotes the resistance of each layer, its unit is ℃/W. 
Tcb row denotes the thermal capability of each layer, its unit is sW/°C
Table 1. Attribute of each layer material of IGBT module
Ly M Tk CET Tcd R Tcb
1 Si 300 3 80-150 0.05 0.05
2 Solder 100 25 35 0.02 0.01
3 Cu 300 16.8 390 0.031 0.03
4 AlN 700 4 140-170 0.02 1.19
5 Cu 300 16.8 390 0.031 0.03
6 Solder 100 25 35 0.005 0.24
7 Cu 3000 16.8 390 0.003 32.33
2.2. Lifting of Bond Wire
Bond wire and chip are joined with solder, the joint area is known as bonding. The bonding of IGBT is 
one of the weakest parts. The materials of the bond wire, solder and chip are different, so their expansion 
coefficient, thermal conductivity and other attributes differ with each other, too. The attribute of each 
layer material of IGBT module is shown in table 1. Because of the different materials of the bonding, the 
expansion coefficients differ with each other, then their thermal stresses are various under the constant 
impulsion of heat current. As the power cycling continues, the fatigue effect of bonding under different 
thermal stresses is accumulated steadily, lastly, the effect goes beyond the endurance of IGBT which 
leads to the bond wire lifting. This phenomenon is shown in figure 2. Therefore, the paper [3] figures out 
that favorable jointing technology can increase the intensity of bonding, and then raise the reliability of 
IGBT module. One or more bond wires lifting a little or totally can lead to current unbalance, which goes 
beyond the endurable load of bond wire. This phenomenon is shown in figure 3. If the module does not
stop immediately, bond wires will be fused, as shown in figure 4.
Under the constant impulsion of thermal stress, the bonding is fused and the bond wire is peeled off, as 
shown in figure 5. The bonding is followed along with fusing and reconstruction before the bond wire 
lifting. This leads to increasing the resistance, raising the voltage between the collector and emitter (VCE)
and enhancing the thermal stress, and then accelerating the bond wire lifting[2]. Consequently, this 
phenomenon can be avoided or delayed by some measures as follows: 1) To avoid the several chips or 
bond wires failure and aging in advance, the manufacturer should try their best to keep the chips and 
wires symmetrical. 2) Improve the heat evolution technology to make the heat transferred to the outer 
space of the module instantly. 3) Under the resistance and electrical conductivity unchanged, mingle 
solder with the materials of similar expansion coefficients and attributes to raise the fusing point of solder 
between chip and bond wire.
         
Fig. 2. Bond wire lifting                                                  Fig. 3. One bond wire overloading
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Fig. 4. Bond wire fusing                                              Fig. 5. Bond wire peeling off the chip
3. Theory of Accelerated Lifetime Test
Accelerated lifetime test is defined as a method of lifetime testing which can accelerate the failure of 
samples and remain the failure mechanism under the high level of stress. The purpose of the test is to 
obtain the data of the test and find out the failure mechanism rapidly. Accelerated lifetime test can be 
divided into three types according to the way of exerting stress. The three types include constant stress
accelerated lifetime test (constant stress test), step-up stress accelerated lifetime test (step-up stress test) 
and progressive stress accelerated lifetime test (progressive stress test) [7].
Constant stress test selects a group of accelerated stress level firstly which is listed as S1, S2, …, Sk.
They are higher than the normal stress level of S0, which is to say S0<S1<…<Sk. Afterwards, divide the 
samples into k groups. Each group of samples is being tested under a certain stress level until the 
prescriptive amount of samples fail or the prescriptive test time. The constant stress test of four stress 
levels is shown in figure 6, ‘×’ represents a sample fails at the moment.
Step-up stress test is defined as a test which is carried out until the prescriptive test time τ1 or the 
prescriptive failure number r1, and then increasing the stress level to the level of S2, the test is carried out 
continually until the prescriptive amount of samples fail or the prescriptive test time. The step-up stress 
test of four stress levels is shown in figure 7.
Progressive stress test is similar with step-up stress test, the difference of them is that the accelerated 
stress level of progressive stress is ascending with the accumulation of time. The type whose slope is 
unchanged is the easiest one. The progressive stress test of stress levels of two different rise speeds is 
shown in figure 8.
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Fig. 6. Constant stress test                         Fig. 7. Step-up stress test
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Fig. 8. Progressive stress test
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The method of constant stress test is simple, time saving and inexpensive, its data processing method is 
well-considered, besides, the whole process of the failure of IGBT module can be monitored in any time. 
The IGBT module has many characters, such as high reliability, long testing time, few test samples and so 
on. But this method can control the time and the failure number according to the regulation, time and 
demand. Therefore, this article adopts the test method to carry out the accelerated lifetime test. Through 
adjusting the ratio of turn-on and turn-off time of DC (Duty ratio), the endurable ability and working time 
of IGBT module is tested under different stress levels, which is the investigation on the lifetime 
prediction of IGBT module.
The theory of accelerated lifetime test is shown in figure 9. The symbol of I in the figure represents 
the heavy current, the diode VD in series avoids the phenomenon of low current circumfluence through 
heavy DC. The symbol of i in the figure represents the low DC which provides the low current of the 
collector and sufficiently exceeds the saturated number of 0.7 (UCE>0.7V). The symbol of V in the figure
represents DC regulated power supply which provides the break-over voltage (VGE=15V), this voltage is 
sufficient for the gate break-over.
V
iI
VD
C
E
GI i
VGE
Fig. 9. Theory of accelerated lifetime test
4. Testing
The accelerated lifetime test platform is built according to the theory of accelerated lifetime test, as 
shown in figure 10. The platform is controlled by the command compiler of Labview8.5, so the DC 
current source can output the current, voltage and heating time automatically. The installation platform 
and coolant way of IGBT is shown in figure 11. The case temperature is kept approximately steady by the 
way of water-cooling while testing. The test uses the module of GD50HFL120C1S type 1200V/50A 
whose package is opened. The heat current of power cycling is between 80A and 100A, and the sample
current is 0.1A. A sample can be obtained every ten seconds, the duty ratio is set up according to the 
demand of junction temperature.
The junction measurement is carried out by the method of temperature sensitive electrical parameter 
while testing. The VCE is chosen as the temperature sensitive electrical parameter (TSEP) under low 
current of IGBT chip[8]. The relation of junction temperature and thermal sensitive parameter is shown in 
equation (1). The temperature variation is calculated as equation (2). The average junction temperature is 
calculated as equation (3). The data of the accelerated lifetime test is shown in table 2. The duty ratio of 
the test 1, 2 and 3 is 4/6, and the test 4 is 6/4.
281 453j CET V= −                                                                                                                            (1)
max minj jT T T∆ = −                                                                                                                            (2)
max min( ) 2m j jT T T= +                                                                                                                       (3)
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Fig. 10.  Accelerated lifetime test platform
Fig. 11.  IGBT module and installation platform
Table 2: Data of the accelerated lifetime test
No maxjT (K) mjT (K) △Tj Nf Cur(A) T(H)
1 395.9 345.4 101.0 3960 100 11
2 385.2 340.7 89 7560 90 21
3 367.8 332 71.5 19500 80 54.2
4 402 356.74 91.3 5802 90 16.1
In general, the final failure of IGBT isn’t considered as the criterion of IGBT failure. When its 
reliability reduces to a certain level, the IGBT is considered to be failed. The failure criterion is defined 
differently from each other. The paper [2] figures out that the increase of VCE is an important index 
estimating the reliability of IGBT, VCE increasing 5% is considered to be the failure criterion. The paper 
[9] figures out that VCE increasing 5%, resistance increasing 20% or the short circuit of gate and emitter 
are considered to be the failure criterion. But among above definitions, VCE increasing 5% is on the basis 
of VCE(sat). Accelerated lifetime test is a heavy current test whose IC is higher than IC(sat) and VCE is higher 
than VCE(sat) at the beginning of test. The failure criterion of accelerated lifetime test is defined again 
according to the above papers, as shown in equation (4).
EL EF EF( )C C CP V V V∆ = −                                                                                                                             (4)
In equation (4), VCEL is equal to the VCE before the IGBT failure, and VCEF is equal to the VCE at the 
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time of the first power cycling. △P increasing 5%  is        
5. Lifetime Prediction Model
The temperature can accelerate the speed of internal chemical reaction of products and the failure of
products, such as electrical components, insulation materials and so on. Consequently, the temperature is 
taken as the accelerated stress in accelerated lifetime test. Arrhenius puts forward an accelerated lifetime 
model (Arrhenius model) on the basis of the investigation on the chemical reaction and a large amount of 
data[7]. The model is shown in equation (5).
exp
E
A
kT
ε  =  
 
                                                                                                                                  (5)
In equation (5), ε is a certain lifetime character, such as the average lifetime, median lifetime and so on. 
A is a positive constant related to characteristics of product, geometry and test method. E is the activation 
energy related to material, its unit is electron volt (eV). K is the Boltzmann constant, K=1.38·10-23 J/k, T 
is the thermodynamic temperature. E/k is known as the activation temperature, too.
The papers [2][10-13] figure out that △Tj and Tm are important parameters to determine the lifetime of 
IGBT module and affect the precision of the lifetime prediction model. So the descriptive IGBT lifetime 
prediction model (M1) is put forward on the basis of Arrhenius model, as shown in equation (6). 
( ) expf j
m
Q
N A T
RT
α  = ∆  
 
                                                                                                                 (6)
In equation (6), R is the gas constant, R =8.314 J/mol·K. Because of the IGBT modules tested in the 
above from different manufactures and types, the value of A and Q are different from each other. On the 
basis of the model (M1), the lifetime prediction model (M2) is obtained through fitting the data of the test 
with least square method. The data of the test is shown in table 2, the M2 is shown in equation (7).
2.5295 5.0074 412.8804( ) exp
8.314f j m
e
N T
T
−  = ∆  
 
                                                                                        (7)
But considering the M2 without the current grade and the maximum junction temperature, this article 
puts forward that the current i and the maximum junction temperature maxjT are added to M2. The 
practical operating mode irrelevant to voltage is the current mode, so the VCE isn’t considered. The 
lifetime prediction model (M3) is obtained in consideration of current and maximum junction 
temperature. The M3 is shown in equation (8).
max273( ) exp
NM
jst
f j
jm m
Ti Q
N A T
i T RT
α
 +   = ∆           
                                                                               (8)
In equation (8), R is the gas constant, R =8.314 J/mol·K. Under the degree Kelvin, A =0.1434, α =-
2.4453, Q =7.8·10-4 J/mol, M =5.9355, N =-23.0488. sti Is the rated current, maxjT is the rated 
maximum junction temperature, i is the collector current and mjT is the average junction temperature.
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Table 3: Calculation error of the M2 and M3
No Nf NM2 NM3 △RM2 △RM3
1 3960 4096 4002 3.4% 1.1%
2 7560 7174 7883 5.1% 4.3%
3 19500 19835 19209 1.7% 1.5%
4 5802 3038 5744 47.6% 1.0%
The calculation error of the M2 and M3 is shown in table 3, and the calculation error of the M3 is
smaller than M2, which is presented in the table. Besides, the working condition of M2 is limited, the 
paper [2] figures out that the M1 is only used in the condition that △T is higher than 30K and lower than 
80K. So the working condition of M2 derived from M1 is limited, too. In table 3, the calculation error of 
M2 is 47.6%, which explains the M2 can’t be used in this test condition. However, M3, the current and 
the maximum junction temperature are added to, includes all of the parameters affecting, so it enlarges 
the application range of M2. At last, it is presented from the test and error analysis that the M3, which can 
predict the lifetime of IGBT module precisely, has the characters of high precision and wide application 
range.
6. Conclusion
The problem about the lifetime prediction of IGBT module is investigated with least square method. 
The failure mechanism of IGBT module is proved through test and analyzed thoroughly, and the methods 
of extending the application lifetime and raising the reliability of IGBT module are presented. An 
improved lifetime prediction model, the current and the maximum junction temperature are added to, is 
obtained through fitting the data of the test. The model has many merits, such as usage convenience, high 
precision, wide application range and so on.
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